Highly ordered mesoporous Cu-Co-CeO 2 composite catalysts with different Cu/Co ratios were synthesized via a nano-replication method using a mesoporous silica template with cubic Ia3d mesostructure, and the ternary oxide catalysts, thus obtained, were used for a water-gas shift reaction. Combined characterization results, using X-ray diffraction, electron microscopy, N 2 adsorption, and temperature-programmed reduction analysis techniques, reveal that the incorporation of copper and cobalt into the ceria lattice not only promotes the formation of structure defects, but also increases the redox properties. Furthermore, some CoO x clusters, formed on the catalysts surface, which enhanced the catalytic activity at high temperature. Among the series of composite catalysts, the Cu 0 1 Co 0 1 Ce 0 8 O 2 catalyst showed the highest catalytic performance with a zero methane yield.
INTRODUCTION
Water-gas shift (WGS) reaction has attracted much interest as one of the essential processes in hydrogen purification, because it enables the production of hydrogen from carbon monoxide and water following the reactions:
CO + H 2 O → H 2 + CO 2 (1)
Equation (1) describes a means of removing traces of carbon monoxide from H 2 -rich feed gas for polymer electrolyte membrane fuel cells (PEMFCs), which would poison the platinum catalyst. 1 Li and Flytzani-Stephanopoulos reported that a Cu-CeO 2 composite catalyst was active for the WGS reaction at higher temperatures than that of CeO 2 alone. 2 This is mainly because the copper oxide (CuO) has excellent CO oxidation ability as well as H 2 O dissociative adsorption capacity. 3 4 Other reports have also noted that the copper oxide can suppress the methanation reaction (side reaction) of Eq. (2). 5 Various copper-based catalysts were designed and carried out for the WGS ractions. 6 7 However, the catalytic performances of copper oxide might decrease at high temperatures because of the sintering of copper species to form the large aggregated particles during the reaction. 8 Cobalt oxide (Co 3 O 4 is known to * Author to whom correspondence should be addressed.
facilitate CO oxidation at both low and high temperatures. Doping cobalt into Cu-CeO 2 composite, therefore, is expected to improve the catalytic reactivity at high temperature. Moreover, doping the metal element into ceria lattice may increase the number of oxygen vacancies, enhancing the catalytic ability. 9 10 In addition to the composition, the structures of catalysts also exhibit a significant effluence on the catalytic activity. 11 Recently, the mesoporous catalysts have been reported in the fields of heterogeneous catalysis due to their large surface areas and well-defined nanopore system, [12] [13] [14] which can increase both the adsorption sites and mass transport rates of reactants and products during the reaction.
In the present work, we reports on the synthesis and WGS activity of ordered mesoporous Cu-Co-CeO 2 composite catalysts. The effect of Cu/Co ratio on the nanostructures, redox properties and catalytic performances of ternary metal oxide catalysts were investigated.
EXPERIMENTAL DETAILS

Synthesis
Ordered mesoporous silica template, KIT-6 with 3D cubic Ia3d structure, was synthesized by following the typical procedure reported elsewhere. 15 4 .0 g deionized water. Subsequently, the precursor solution was impregnated on 5.0 g of KIT-6 template by an incipient wetness method. After drying at 80 C in an oven overnight, the composites were heated to 450 C for 3 h under a static air conditions. After the calcination process, the silica template was removed by using 2 M aqueous solution of sodium hydroxide. Finally, the composite catalysts were obtained after washed several times by water and dried in oven. The catalysts were denoted as m-Co x Cu 0 2−x Ce 0 8 O 2 (x = 0, 0.1 and 0.2).
Characterization
X-ray diffraction (XRD) patterns were obtained with a Rigaku D/MAX-2200 Ultima equipped with Cu K radiation at 30 kV and 40 mA. N 2 adsorption-desorption isotherms were recorded on a Micromeritics Tristar II 3020 system at liquid N 2 temperature. All the composite catalysts were degassed completely under vacuum for at 80 C for 10 h before the measurement. The specific surface area was calculated from the adsorption branch in the relative pressure range from 0.05 to 0.20. Scanning electron microscopy (SEM) images were obtained using a JEOL field emission scanning electron microscopy (FE-SEM) operating at an accelerating voltage of 15 kV. H 2 -temperature programmed reduction (H 2 -TPR) experiments were performed by a homemade system, equipped with a thermal conductivity detector (TCD). Typically, 40 mg of the catalyst was loaded in the fixed-bed reactor and reduced with a 10 vol% H 2 /He mixture (30 mL min by heating up to 700 C with a stable rate step of 10 C min −1 .
Catalytic Activity Measurements
The WGS activities of each composite catalysts were measured using a quartz reactor heated with an electrical oven. Catalytic performance was evaluated in the temperature range of 150-450 C. For a typical test, 60 mg of the composite catalysts was loaded in the reactor between the quartz wool layers. A reactant gas containing 3.0 vol% CO balanced with helium was controlled by a mass flow controller (MFC Instruments), and the steam was prepared from a water syringe pump with a heating line. The total flow rate was 64 mL min −1 , and the gas hourly space velocity (GHSV) was 64,000 cm 3 g −1
cat h −1 . The gaseous products was analyzed by an online GC system, using a Younglin gas chromatograph equipped with fire ionization detector (FID), TCD and methanizer. 
RESULTS AND DISCUSSION
Small-angle XRD patterns in Figure 1(a) indicate that all the ternary metal oxide catalysts exhibit well-resolved diffraction peaks, indicating successful nano-replication from the mesoporous silica template. The peak around 2 = 1 can be indexed as (211) reflection of the Ia3d space group, which is a characteristic of the bicontinuous cubic mesostructure. A peak around 2 = 0 55 is due to phase transition from the cubic Ia3d mesostructure to tetragonal I 4 1 /a or lower symmetry, which is well-known phenomenon during the nano-replication process. 17 Wideangle XRD patterns of the composite catalysts ( Fig. 1(b) ) show well-resolved reflections that correspond to the cubic CeO 2 fluorite crystal phase (JCPDS 34-0494). Compare with the pure mesoporous CeO 2 , the diffraction peaks shift to slightly higher angles, which are related to the incorporation of copper and cobalt into the ceria lattice. The detailed changes in lattice parameters was summarized in Table I . Interestingly, no obviously peaks belonging to any copper oxide phase were detected in all materials. This indicates that the copper oxide species are highly dispersed on the surface or incorporated into ceria lattice. However, the presence of CoO x phase was observed, meaning that some CoO x species exist on the catalyst surface. Figure 2 shows the SEM images of the composite catalysts, clearly showing that all the materials exhibit highly ordered mesostructured and the shapes of mesoporous particles are nearly spherical with several hundred nanometers. The N 2 adsorption-desorption isotherms in Figure 3 of the composite catalysts are almost same. All the catalysts show typically type-IV isotherms with H2 hysteresis loops, which are the characteristics of mesoporous materials. Physical properties of the composite materials are summarized in Table I . The surface areas are between 133 and 165 m 2 g −1 . Furthermore, the bimodal mesopores for all composite materials were confirmed by the corresponding BJH pore size distribution curves, which coincide with the results of small-angle XRD patterns. The high surface areas and regular pore size distributions of the replicated ternary metal oxide catalysts are expect for enhancing the catalytic activity. Figure 4 shows the H 2 -TPR profiles of composite catalysts. The Cu 0 2 Ce 0 8 O 2 catalyst showed two typical wellknown reduction behaviors of copper oxide. The first peak below 200 C can be assigned to the reduction of the welldispersed copper oxide species, and the second peak in the range of 240-280 C can be assigned to the reduction of copper oxide to metallic copper in ceria framework. For the Co 0 2 Ce 0 8 O 2 catalyst, the reduction process was Figure 4 . Doping with other metal elements in ceria lattice not only promotes the formation of defects, but also decreases the reduction temperature of metal oxide. 9 12 The light-off curve for WGS reaction of composite catalysts is given in Figure 5 . Both the CeO 2 and Co 0 2 Ce 0 8 O 2 catalysts exhibit lower activities even at high temperature range. The Cu 0 2 Ce 0 8 O 2 catalyst shows relatively good performance in the low temperature range below than 
